The formation scenario of the progenitor of iPTF13bvn has been revisited. iPTF13bvn is unique in the sense that a corresponding pre-supernova image has been identified. This has enabled us to strongly constrain the nature of its progenitor. From the pre-supernova image, light curve and the latest observations, it is currently widely accepted that the progenitor of iPTF13bvn was in a binary system. The fast decline in the light curve suggests a progenitor mass of ∼ 3.5M , and the upper limit on the remaining companion is ∼ 20M . Recent works suggest that binary evolution models involving common envelope episodes can satisfy all the observational constraints. We have examined the common envelope scenario based on latest knowledges on common envelope evolution. We have found that the common envelope scenario for the progenitor of iPTF13bvn seems not to be suitable since it can not explain the pre-supernova radius. We also propose an alternative model with a black hole companion. Stellar evolution calculations with a large black hole companion were carried out and succeeded in satisfying all observational constraints. However, more studies should be carried out to explain the origin of the large black hole companion.
INTRODUCTION
iPTF13bvn is the only type Ib supernova (SN) so far known to have a corresponding pre-explosion image. Ever since the first detection by Cao et al. (2013) , this pre-supernova (SN) image combined with information from the light curve has helped us deeply constrain the properties of the progenitor star. Hydrodynamical modelling and analytical fits to the light curve show that the ejecta mass was small, corresponding to a progenitor mass of ∼ 3-4M (Bersten et al. 2014; Fremling et al. 2014; Srivastav et al. 2014) . Such small mass progenitors are difficult to produce with single star evolution models, so it is now widely accepted that the progenitor had undergone binary interactions (Bersten et al. 2014; Fremling et al. 2014; Srivastav et al. 2014; Eldridge et al. 2015; Eldridge & Maund 2016) .
There are two main channels of binary interactions; Roche lobe overflow and common envelope (CE) phases. Roche lobe overflow is a form of stable mass transfer, in which a Roche lobe filling star spills some of its mass from the outer envelope to the companion star through the inner Lagrangian point. It is not clear how much of the transferred mass will be retained by the accretor, but the secondary will become massive in general. On the other hand, CE phases are the consequence of unstable mass transfer, where the companion star plunges into the envelope of the evolved primary. If there is enough energy in the system to eject the entire envelope of the primary, it will end up as a close binary consisted of the core of E-mail: hirai@heap.phys.waseda.ac.jp the primary orbiting its companion. If not, the plunged-in star will fall to the centre, and can be regarded as a stellar merger. This process was first introduced to explain the formation of X-ray binaries (van den Heuvel 1976), but it is now commonly used to explain the formation of many close binaries with compact object components (Belczynski et al. 2002; Kalogera et al. 2007) .
Earlier works on iPTF13bvn have favoured the stable mass transfer scenario for the formation of the progenitor (Bersten et al. 2014) . The initial mass ratio should have been close to unity for the mass transfer to be stable, and in the end the secondary will be much larger as a consequence of the mass accretion. The final companion mass predicted in this scenario was 18 m 2 /M 40, which will be bright enough so that we will be able to detect it three years after the explosion. But it turned out that the expected companion did not show up, ruling out this scenario (Folatelli et al. 2016) . After this observation, the CE scenario has now become the current favourite. Eldridge & Maund (2016) has showed some evolutionary models with CE phases which can produce the compact progenitor which is consistent with the pre-explosion image, with a fairly small mass companion. However, the whole process and outcome of CE evolution is still poorly understood, and we should be careful about how we treat CE phases in calculations (Ivanova et al. 2013a, and references therein) .
In this paper we will revisit the observational constraints on the progenitor of iPTF13bvn, and check the relevance of the CE scenario. We find that the CE scenario has a difficulty in explaining the final radius of the progenitor, which may be critical. We then propose another possible scenario which involves stable mass transfer with a black hole (BH) companion, and show some evolutionary tracks that are consistent with observation. This paper is structured as follows. We will first review the observational constraints on the progenitor of iPTF13bvn in section 2. In section 3 we will reconstrain the progenitor's position on the HertzsprungRussel (HR) diagram using the observational data. We will then discuss the relevance of the CE scenario in section 4 and suggest an alternative scenario in section 5. We will summarize and conclude our results in section 6.
SUMMARY OF OBSERVATIONAL DATA
The rich observational data for the SN iPTF13bvn has enabled us to place strong constraints on the properties of the progenitor. In this section we will review and summarize the observational data and the analyses made in previous works. −0.04 mag was suggested by Fremling et al. (2016) , based on an assumption that the intrinsic colour of iPTF13bvn was similar to that of SN2011dh. This is consistent with all other values within the uncertainties.
Host Galaxy Properties
The distance to the galaxy also holds a large uncertainty. Many works in the literature use 22.5 +4.0 −3.4 Mpc, µ = 31.76 ± 0.36 for the distance and distance modulus which are taken from Tully et al. (2009) . More recent works use the updated distance of 26.8
Mpc, µ = 32.14 ± 0.20 by Tully et al. (2013) , or the mean value of all estimates 25.8 ± 2.3 Mpc, µ = 32.05 ± 0.20 provided by the NASA/IPAC Extragalactic Database (NED). In this paper, we adopt E(B − V) host = 0.08 +0.07 −0.04 mag for the extinction value, and 25.8 ± 2.3 Mpc for the distance to the host galaxy.
Pre-Explosion Image
It was first reported by Cao et al. (2013) that they have identified a progenitor candidate at the location of the SN from an observation made by the HST in 2005. Based on their results, various studies were carried out to construct a progenitor model consistent with this pre-SN source and the light curve of the SN itself. Early works showed that they were consistent with a Wolf-Rayet star progenitor (Cao et al. 2013; Groh et al. 2013 ), but binary progenitors were also suggested later on (Bersten et al. 2014; Fremling et al. 2014; Srivastav et al. 2014) . Eldridge et al. (2015) re-analysed the HST data of the progenitor candidate, and found that the reported magnitude by Cao et al. (2013) was lower than that of their analysis by ∼ 0.7 mag. Their new magnitude was supported by other following studies (Folatelli et al. 2016) , although they seem to have misread the results by Eldridge et al. (2015) . In Fig. 1 Eldridge et al. 2015 (red) , Folatelli et al. 2016 (blue) and Cao et al. 2013(black) . the fluxes calculated from the reported magnitudes by Cao et al. (2013) , Eldridge et al. (2015) and Folatelli et al. (2016) . It can be seen that the latter two have some overlaps within the uncertainties, but the three results are rather inconsistent with each other overall. It is not clear why there is such a large discrepancy between the different analyses. It is suggested that the differences of the parameters used in the data reduction may have amplified very small errors (Eldridge et al. 2015) . The late-time view of the SN position may help us improve our knowledge of the pre-SN image by refining the background information (Maund et al. 2014 ).
Light Curve
Another constraint can be placed on the progenitor from the light curve of the SN itself. Although there were very high ejecta mass estimates (M ej ∼ 8M ) in the early works (Cao et al. 2013; Groh et al. 2013) , the relatively fast decline in the light curve of iPTF13bvn showed that the ejected mass should have been small. According to hydrodynamical modelling, the ejecta mass was estimated to be M ej ≈ 2M which indicates that the progenitor was a M He ≈ 3.5M He star (Bersten et al. 2014; Fremling et al. 2014) . A simple analytical fit also suggested M ej ∼ 1.5-2.2M (Srivastav et al. 2014) .
These analyses ruled out all single star evolution models. The minimum possible mass achieved by single star models with realistic wind mass-loss rates is ∼ 8M . The only other way to remove the entire hydrogen envelope up to the observed mass is by binary interactions (in our current understandings).
Other Constraints
There are some attempts to infer the zero-age main sequence (ZAMS) mass from late time spectra. The [O I]λλ6300, 6343 emission lines can be used to estimate the mass of ejected oxygen (Jerkstrand et al. 2015) . By fitting the late time spectrum with ejecta models, the ejected oxygen mass was estimated to be ∼ 0.3M . Fremling et al. (2016) associated this mass with a star with ZAMS mass ∼ 12M based on 1D single star nucleosynthesis calculations by Woosley & Heger (2007) . Kuncarayakti et al. (2015) derived the ZAMS mass to be 15-17M using nucleosynthesis models by Nomoto et al. (1997) ; Limongi & Chieffi (2003) ; Rauscher et al. (2002) . Both values have large uncertainties due to the complexity in modelling the star and explosive nucleosynthesis. For example, all models do not take into account the possible multidimensional effects such as turbulent mixing in the core, that may change the nucleosynthesis yields significantly (Smith & Arnett 2014) . Therefore this constraint should be treated carefully when comparing with stellar models.
Latest observations by Folatelli et al. (2016) have revealed that the progenitor of iPTF13bvn has disappeared, and also placed an upper limit on the brightness of the possible companion. The magnitudes in each band were m F225W > 26.4, m F435W/F438W = 26.62 ± 0.14, m F555W = 26.72 ± 0.08, m F814W = 26.03 ± 0.15 in June 2016. Especially the strict constraint in the F225W band ruled out most luminous companions as predicted in Bersten et al. (2014) , and they stated that only late-O type stars with masses 20M are possible assuming that it is not obscured by newly created dust. Eldridge & Maund (2016) derived a slightly brighter magnitude from the same data, m F438W = 26.48 ± 0.08 and m F555W = 26.33 ± 0.05.
RECONSTRAINING THE PROGENITOR SYSTEM

Methodology
Using these constraints, we attempt to pin down the position of the progenitor on the HR diagram. We use the reddening law of Cardelli et al. (1989) for the extinction correction, with the standard coefficient R v = 3.1 and combining the reddening values from the host galaxy and the Milky way foreground (E(B − V) mw = 0.0437 mag; Schlafly & Finkbeiner 2011) . For each combination of luminosity and temperature (L, T eff ) and assuming that the star can be approximated as a black body 1 , we can calculate the flux in each band after applying the extinction correction and giving a distance. If there is a consistent combination of E(B − V) and distance within their uncertainties where all three calculated fluxes fit in the error bars of the observation (see Fig.1 ), we consider the combination (L, T eff ) is "allowed". This procedure is similar to the selection process of matching models in Eldridge et al. (2015) ; Eldridge & Maund (2016) . However, our selection is more strict since we require to find a combination of distance and extinction value that is consistent for all three bands.
In the same way we can derive a "forbidden" region for the secondary star. We assume that the data obtained by Folatelli et al. (2016) are upper limits. Then for each combination of (L, T eff ), we calculate the flux in each of the four bands assuming that it is a black body. If the flux in any band exceeds the upper limit, we mark the combination as "forbidden". Cao et al. (2013, green) , Eldridge et al. (2015, red) and Folatelli et al. (2016, blue) . Lines correspond to constant radii drawn with intervals of 10 R . The size and place of the allowed region strongly depends on which observational data are used. It also depends on the assumed host galaxy properties. For example, in Fig.3 we show the same plot but using a smaller distance (22.5
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−3.4 Mpc) to the host galaxy. Smaller luminosities become allowed obviously because of the closer distance assumed. If we take a larger extinction value, the shape of the region will extend to the upper left direction. It should also be noted that the overlapped region is not particularly favoured because the three reported fluxes are not independent observations, but different analyses performed on the same data.
From this analysis only, we can place a stringent constraint on the radius of the progenitor. In Figs very low masses (∼ 3.5M ), the luminosity should not be so high. Therefore, the progenitor had most likely been in the lower right end of the allowed region. This implies that the radius was larger than ∼ 30R .
The forbidden regions for the companion calculated from the post-explosion photometry are shown in Fig.4 . With the fiducial set of parameters for the host galaxy (E(B − V) host = 0.08
−0.04 mag, 25.8±2.3 Mpc), main sequence stars larger than 23M can be ruled out. A stricter constraint m 2 < 20M can be placed if the host galaxy is closer (22.5 +4.0 −3.4 Mpc), whereas the upper limit goes up to m 2 < 29M if the larger extinction value E(B − V) = 0.17 ± 0.03 is true. It should be noted that these limits are rather overestimated. The line showed in Fig.4 is the location of ZAMS stars, but the secondary will at least have an age equivalent to the lifetime of the primary. A star on the main sequence evolves slowly to the upper right in the HR diagram, so stars just outside the forbidden region will slide in eventually. Also, Hirai & Yamada (2015) suggest that the SN ejecta can drive a shock into the companion star, injecting heat to the outskirts of the envelope. The heat excess will puff up the star to larger radii. This can lower the surface temperature temporarily, taking the star to the right on the HR diagram, which will also strengthen the upper constraint. Having these in mind, we consider that the upper limit m 2 20M noted by Folatelli et al. (2016) is reasonable.
As we have seen in the previous section, the progenitor of iPTF13bvn was most likely a ∼ 3.5M He star. Stars that have such a large He core must have had a ZAMS mass of M zams 10M . This means that the progenitor should have lost at least 7M of its matter on the course of its evolution. Single star models have been excluded already because strong stellar winds in the Wolf-Rayet phase is not enough to produce such small progenitors (Bersten et al. 2014; Fremling et al. 2014; Srivastav et al. 2014) . This leads us to resort to binary evolution models. If the mass was stripped off via stable mass transfer, the companion star should have grown rather large (18 m 2 /M 45; Bersten et al. 2014) . However, such large companions have been ruled out. The other possible scenario to strip off such a large amount of mass is by experiencing a CE phase. In this way the primary can lose most of its hydrogen envelope, even with relatively small companions.
The fact that a CE process is necessary was already suggested by the calculations in Eldridge & Maund (2016) . From what we have shown in this section, all the observational facts seem to favour the CE scenario.
COMMON ENVELOPE SCENARIO
We have shown that the progenitor of iPTF13bvn has most likely experienced a CE phase. In this section, we will first briefly review the current status on CE evolution in general. Then we will inspect the CE scenario for the progenitor of iPTF13bvn by modelling the post-CE structures of stars with various ZAMS masses, and checking whether their final position on the HR diagram lies within the allowed region. We use a different treatment for CE evolution from Eldridge et al. (2015) ; Eldridge & Maund (2016) . Using those results, we also discuss the final separation which is strongly related with the CE efficiency and check the ejectability of the envelope.
Common Envelope Evolution
The main focus of CE studies is whether or not the system can eject the envelope. In most population synthesis studies, the outcome is estimated by the "energy formalism" or "alpha-formalism", which is expressed as belows (Webbink 1984; Iben & Tutukov 1984) .
E env is the binding energy of the envelope, G is the gravitational constant, m 1 , m 2 , m 1,c are the masses of the primary, secondary and core of the primary respectively, a i and a f are the initial and final separations respectively. It assumes that as the secondary star plunges into the envelope, the orbital energy is somehow transferred to the envelope to unbind it. The mass of the secondary is assumed to be unchanged before and after the CE phase, because the time-scale of the CE phase is much shorter than the thermal time-scale of the secondary, so there will be almost no accretion (Ivanova et al. 2013a; MacLeod & Ramirez-Ruiz 2015) . α ce is a parameter expressing the efficiency of the energy conversion. The value of α ce should be calibrated somehow by observation or theory, but so far there is no guiding principle. Instead, many studies simply take α ce = 1 or leave it as a free parameter to study the dependences of the resulting populations. The binding energy E env is often estimated by
where m 1,env = m 1 − m 1,c is the envelope mass, and R 1 is the radius of the primary. λ is another parameter introduced to characterize the structure of the star (de Kool 1990). Although there are several studies deriving a fitting formula for the value of this parameter (Xu & Li 2010; Wang et al. 2016) , many studies combine the uncertainties of the two parameters and simply take α ce λ = 1 with no strong reasoning. Given the masses m 1 and m 2 , an estimate for the core mass m 1,c , the initial separation and a value for the parameters, we can calculate the resulting separation a f of the binary. The criterion for a successful ejection is that both of the post-CE binary components do not overfill their Roche lobes. However, there are still issues regarding the radius of the post-CE remnant (Hall & Tout 2014) . There are of course some other attempts to understand CE phases such as from observation and simulations. As the secondary plunges into the envelope, it is considered that a small amount of mass is ejected due to the shock created at the interface, and this can be observed as a "luminous red nova". But the typical ejecta mass is very small, making detections difficult due to the low luminosity. The situation has started to change in the past few years, and now there is a rapidly growing number of candidates for the detection of a CE onset (Ivanova et al. 2013b; Chesneau et al. 2014; MacLeod et al. 2016; Blagorodnova et al. 2017) . However, much more data are required to be able to constrain CE physics from observation. Hydrodynamical simulations have been performed to investigate the internal physics of a CE phase but the huge dynamical range (∼ 10 13 ) makes it extremely computationally expensive. Several groups have already attempted large-scale simulations, but it is still hard to extract general features from the small number of models studied (Ricker & Taam 2012; Passy et al. 2012; Nandez et al. 2014; Iaconi et al. 2016; Ohlmann et al. 2016a,b) .
Post-CE Structure
The progenitor of iPTF13bvn should have a temperature and luminosity in the allowed region shown in Fig.2 , eight years before the explosion. To see what kinds of stars can end up in this region, we carry out stellar evolution calculations to model the pre-SN state of stars which have experienced CE evolution. All calculations were carried out using the stellar evolution code MESA (version 8645; Paxton et al. 2011 Paxton et al. , 2013 Paxton et al. , 2015 . For convection, we use the mixing length theory, with the Ledoux criterion and a mixing length parameter 1.6. We use the prescription by de Jager et al. (1988) for the wind mass-loss rate. To create post-CE stellar structures, we follow the procedures taken in Ivanova (2011) . First, we evolve a star until it enters the hydrogen shell burning phase. Once the stellar radius expands up to a certain value, at which we assume the CE phase kicks in, we search for the mass coordinate of the "maximum compression point" in the hydrogen burning shell m cp . This is currently assumed to be the best estimate for the bifurcation point of the core and envelope (Ivanova 2011; Ivanova et al. 2013a ). After that we give an extremely high mass-loss rate of 0.1M yr −1 artificially 2 , and wait until the mass drops to m cp . Once the mass has dropped to m cp , we switch off the artificial mass-loss and evolve the star until it starts burning neon at the centre. A star burning neon will explode within a few more days. The radius at which we start the artificial mass loss is not so important since the time-scale of the expansion is smaller than the time-scale of the core mass growth. This can be checked in Fig.5 where we show an example of the evolution of the radius and the core mass in the late stages. The core mass increases by only ∼ 1% during the expansion. Fig.5 is for a 17M star, but the same applies to all stars in the mass range we used.
In Fig.6 we show the evolutionary tracks of our post-CE stars with an initial metallicity Z = 0.02. All stars follow similar tracks from ZAMS to the red giant phase (dashed line). After that we switch on the artificial mass-loss, and at the end of the CE phase all stars end up on the left end of the HR diagram. Then the stars evolve towards core-collapse. The lighter stars (M zams =15-16M ) evolve from left to right, crossing over the allowed region and then follow very complex paths. This complex evolution is probably not real, so we simply stop our calculation after the track has moved away significantly also evolve with constant luminosity from left to right, but starts to collapse somewhere on the way towards the allowed region. We only plot up to eight years before collapse, since the pre-SN image for iPTF13bvn was taken eight years before explosion. Only the 17M model ended up in the allowed region in our mass range. However, the final temperature -or radius -is very sensitive to the details of the calculation such as the mixing length or overshoot parameters or metallicity, so we can not derive a concrete conclusion about the best mass range. For example in Figs.7 and 8 we show the evolutionary tracks for our lower and higher metallicity models. With lower metallicity the expansion of the stars are smaller than in Fig.6 , and somewhere between 15 and 16M seems to be the matching model. Higher metallicity led to larger expansion, and the mass of the matching models increases.
The ZAMS masses of our matching models are rather heavier than the matching models in Eldridge & Maund (2016) . This may be due to the different treatments of the CE evolution. In their BPASS code, they use the usual RLOF rate but limit it bẏ M = 10 −3 M for the mass-loss rate during CE evolution (Eldridge , and terminate when both stars reside within their Roche lobes. Their choice for the upper limit value is due to numerical reasons, and not motivated physically. A CE phase is a highly dynamical process, and the usual mass-loss rates that were derived assuming nuclear time-scale processes do not describe the dynamical nature of CE evolution well. The lower mass-loss rate will lead to a longer time-scale for the CE phase, giving more time for the core to grow. Together with their different termination criterion, their method will always leave a larger remnant than ours, which may possibly explain the discrepancy of the results.
It should also be noticed that the ZAMS masses of our matching models are within the range estimated from the nebular phase oxygen lines. But because in the CE scenario we remove the envelope before the core grows to its full size, the final ejected oxygen may be smaller than what we would expect from a progenitor with that ZAMS mass.
Although we have a matching model, the final temperatures in the stellar evolution calculations are not so reliable, so we will not conclude which models are the best. On the other hand, the luminosity is almost constant in the final stages, which is strongly correlated with the core mass. From the lower limit of the luminosity of the allowed region, we can place a rough lower limit ∼ 2.5M on the core mass of the progenitor.
Pre-CE Separation
Here we will discuss the upper limit to the initial orbital separation of the progenitor system in the context of the CE scenario. There are two pathways known so far to initiate a CE phase. The first is via unstable mass transfer. Once the primary star fills its Roche lobe, a part of the outer envelope of the star will be transferred to the secondary through the inner Lagrangian point. This is the usual Roche lobe overflow. If the mass transfer is unstable, the star will eventually overfill the second Lagrangian point (only the primary component). Then a part of the envelope material will start trickling away from the system. This flow will take away angular momentum, shrinking the orbit even more, leading to a CE phase. The onset of an unstable mass transfer is usually computed by comparing the volume of the star with the primary component of the volume enclosed within the equipotential surface passing through the second Lagrangian point. The effective radius of this volume R L 2 can be approximated by
where a is the binary separation, q ≡ m 1 /m 2 and m 1 , m 2 are the primary and secondary masses (Eggleton 2011) . Thus the criterion for unstable mass transfer will be
where R is the radius of the primary. The other path is via Darwin instability (Hut 1980; Lai et al. 1993) . This occurs when the tidal forces extract orbital angular momentum to spin up the stars, but there is not enough angular momentum left in the orbit to do so. The condition for this instability is
where J spin is the moment of inertia of the primary star and J orb is the moment of inertia of the orbit. J orb can be expressed as J orb = µa 2 where µ = m 1 m 2 /(m 1 + m 2 ) is the reduced mass. In either of the cases, the CE phase will be initiated at the time when the primary star evolves to a red giant, and is rapidly expanding in size. Both the radius and moment of inertia of the star grow rapidly at this stage, and will eventually satisfy one of the criteria above, depending on the secondary mass. If m 2 is relatively large, J orb will be large, so the system is unlikely to be Darwin unstable and thus enters the CE phase via unstable mass transfer. The maximum possible separation for unstable mass transfer to occur can be estimated by a max,L 2 ≈ R max 0.6q 2/3 + ln(1 + q 1/3 ) 0.49q 2/3 + 0.15 (7) where R max is the maximum radius achieved in single star evolution. If m 2 is relatively small, J orb is small and the system will be Darwin unstable before the primary overflows the L 2 point. The maximum possible separation to be Darwin unstable a max,DI can be estimated by 
a max,L 2 a max,DI Figure 9 . Maximum orbital separation as a function of the secondary mass M 2 . Line colours express the primary mass, with the same colours as in Fig.6 where J spin,max is the maximum moment of inertia obtained in the single evolution models. In Fig.9 we show the maximum possible orbital separation as a function of secondary mass. We have used J spin,max and R max obtained from single star evolution calculations with metallicity Z = 0.02. The maximum separation is ∼ 1000-1800R throughout most of the mass range, which is determined by the L 2 overflow criterion. Larger separations would be possible only if the secondary mass was smaller than ∼ 4M .
CE Efficiency parameter
We will now constrain the α ce parameter in this system to discuss the ejectability of the envelope. In usual population synthesis calculations, α ce is given by hand, to calculate the final separation a f . We will go the other way round, and use the constraints on a f to calculate a lower limit to α ce . Eq.1 can be rewritten as
The inequality can almost be regarded as an equality because the initial separation is usually much larger than the final separation, and thus the first term in the parenthesis can be ignored. We have a rough estimate on m cp from the observed ejecta mass. Therefore the important values that determines α ce are E env and a f . The binding energy of the envelope is usually estimated by
where m 1 is the total mass of the star and is the specific internal energy. But in order to take into account the relaxation of the core after the mass ejection, it should be calculated by comparing the total binding energies of the star before and after the CE event (Ge et al. 2010 ).
Here the integration is taken over the whole star before (first term) and after (second term) the CE phase. For the model CE calculations in section 4.2, the values calculated by Eq.10 overestimated the binding energy by ∼ 10%. We use the values calculated by Eq.11 in our following discussions. The final separation is quite uncertain. The closest possible separation is when the post-CE primary star (and of course the secondary) does not overfill its Roche lobe. Using the post-CE radius obtained in the model CE simulations, we can calculate the minimum possible separation by assuming that one of the binary components exactly fills its Roche lobe. This can be expressed as
where R f is the post-CE radius of the primary star, R 2 is the secondary radius, and q = m cp /m 2 . f (q) is a function fitted to the approximate Roche lobe radius (Eggleton 1983) .
0.6q 2/3 + log(1 + q 1/3 )
We can obtain the lower limit to α ce as a function of the secondary mass by plugging in E env and a f,min into Eq.9. This is shown in the lower panel of Fig.10 . We have used the ZAMS radius for R 2 . The minimum value in our calculations was ∼ 0.5, which means that at least half of the orbital energy should be used to eject the envelope. The limit increases as the secondary mass decreases because of the decrease of the energy reservoir in the orbit. If the secondary was 6M , the lower limit exceeds unity, which suggests the presence of an extra energy source to eject the envelope. All models were limited by the secondary star radius filling its Roche lobe. If we consider a compact object as the companion, the final separation will be limited by the post-CE radius of the primary, and α ce,min will be smaller by a factor of ∼ 5.
Deficits of the CE scenario
So far the CE scenario seems successful, since the system can eject the envelope with an efficiency smaller than unity α ce < 1 if the companion was larger than ∼ 6M . However, this scenario has a difficulty in explaining the post-CE evolution of the binary. Since the final radius of the progenitor should be larger than ∼ 30R (see Fig.2 and 3) , which is much larger than the values of a f calculated above, it is almost impossible to avoid a second CE phase. The outcome of a CE phase with a naked helium star is not known. But if the binary can successfully eject the envelope again 3 , it will surely shrink the orbit even more. The primary will not be able to re-expand to ∼ 30R this way. Therefore the second CE phase should have failed and the secondary star will have been engulfed by the primary before SN explosion. If the secondary was a main sequence star, there will be a substantial amount of fresh hydrogen injected to the core of the primary. This can significantly alter the appearance of the progenitor, taking it away from the allowed region and also may change the spectral type of the SN. The mass of the secondary should also be very small in order to keep the ejecta mass smaller than 2M . But the first CE phase will not have succeeded in the first place if the mass was so small, unless the α ce parameter is considerably large. Therefore the secondary should avoid the second CE phase or be completely lost before SN. In order to avoid the second CE phase, the post-CE separation should be large enough so that the primary never interacts with the secondary again. In the upper panel of Fig.10 , we show the minimum α ce required to have a large enough post-CE separation so that the Roche lobe radius for the primary becomes 30R . The required value for α ce becomes 6 even for the largest possible secondary masses, which is very unlikely even with the consideration of other energy sources such as recombination energy. The primary may have lost its companion because of a third body encounter, but this may also be difficult considering the very tight post-CE orbit. Unless we resolve this problem, the CE scenario should be refuted.
To sum up, the CE scenario is able to reproduce the observed ejecta mass, pre-and post-SN photometry. However, the success of this model requires a significant orbital shrinkage, which will suffer a second CE phase before SN. The second CE phase will ruin the advantages of this model by increasing the ejecta mass and altering the pre-SN photometry. The ejected oxygen mass may also be smaller than the observed amount. Therefore we conclude here that the CE scenario is not suitable to explain the formation of the progenitor of iPTF13bvn.
STABLE MASS TRANSFER TO A BLACK HOLE?
From the previous discussion, the CE scenario seems not to be suitable as the formation scenario of the progenitor of iPTF13bvn. Here we will return to the stable mass transfer scenario again. The reason that we have excluded this scenario in the first place was the nondetection of a companion. A sufficiently large companion is needed to enable stable mass transfer, and the star will also grow due to the accretion of transferred mass. However, this is only problematic if the companion is on the main sequence. The situation will be completely different if the secondary was a BH, since we can not observe a BH whatever the mass is unless it has an accretion disc around it.
Here we will demonstrate that a binary with a BH component can evolve up to SN without conflicting with any of the observational constraints. We used the binary module in MESA, and simulated the evolution of a 16M star with a 15M BH companion in an 8 day circular orbit. The metallicity is assumed to be Z = 0.02. The mass transfer rate was calculated according to the prescription 3 This may lead to the ejection of the whole helium envelope, which may change the spectral type of SN to type Ic. by Kolb & Ritter (1990) and the mass retention on the BH was limited by the Eddington limit. The evolutionary track of the primary is shown in Fig.11 , overplotted on the allowed region again. This system undergoes a case B mass tranfer, losing most of its hydrogen envelope during this phase. When the remaining hydrogen becomes sufficiently small, the star contracts rapidly and detaches from the BH. Most of the remaining hydrogen is burned in the H burning shell and only 0.04M is left by the time of SN. This small amount of hydrogen may be the origin of the weak Hα lines in the early spectra (Fremling et al. 2016) . The endpoint of the evolution rests in the allowed region, which makes this system a good candidate for the progenitor of iPTF13bvn. There is almost no change in the mass of the BH, only growing by ∼ 0.017M , meaning that most of the mass has been lost from the system. The overall evolution of the primary does not change largely even if we increase the mass of the BH up to ∼ 100M .
This demonstration is only an example of the evolutionary path, and there is a wider range of possible initial parameters. The primary mass should be in the range ∼ 14-17M to create a He core in the mass range of the observed ejecta mass, create the right amount of oxygen, and have a final luminosity consistent with the pre-SN fluxes. On the other hand, there is no strong constraint on the BH mass because it does not largely affect the evolution of the primary. The only constraint is the lower limit which is roughly ∼ 0.8 times the primary mass, to enable stable mass transfer. The initial period range should be roughly 4-20 days for the mass transfer to initiate in case B, although we can not rule out case A mass transferring models 4 . The largest uncertainty in this model is the origin of the BH. For example, the BH could have been an extremely massive star ( 30M ), in a relatively wide orbit with a ∼ 14-17M companion. As the more massive star evolves, it develops a 15M He core, and expands to ∼ 2000R . This may initiate a CE episode, and because the core mass is large, the post-CE separation is at moderate distances ∼ 50R . At some point the massive He core will collapse to a BH and then the system will follow an evolution similar to that in the above demonstration. There is no strong support to this scenario, and deeper investigations should be carried out to check the relevance of this model. We will leave this to future works.
Since the ejecta mass is much smaller than the expected BH mass, the system will still be bound after the SN explosion, and the outcome of this model will be a BH-NS binary in a relatively wide orbit (∼ 100R ). Thus we expect that we will not find a companion star in any future observations. The orbital separation is too wide to cause a BH-NS merger in a realistic time-scale, leaving no hope for gravitational wave detection. It will be extremely difficult to confirm our scenario, but the non-detection of a companion star in the next few years can strengthen our hypothesis.
CONCLUSIONS
The observational constraints on the progenitor of iPTF13bvn have been revisited. We evaluated the possible position on the HR diagram and constrained the photospheric radius of the progenitor. The radius should have been in the range ∼20-70R . All studies now agree that the progenitor should have been in a binary system, and expect to be able to detect a companion star in the future. We have derived the upper limit on the remaining secondary star based on the latest observational data of the SN and obtained similar results to previous works (∼ 20M ). But this is probably much smaller if we consider the effects of SN ejecta-companion interaction as discussed in Hirai & Yamada (2015) .
We have also reassessed the relevance of the formation scenario of the progenitor via a CE phase. We performed stellar evolution calculations to mimick the post-CE evolutionary tracks just for the donor, and found a model that matches the observational constraints. However, if we consider the energy budget in the CE phase, an extremely large companion or a very high CE efficiency ( 6) is required to avoid a second CE phase, which is unrealistic. Therefore we conclude that the CE scenario is unlikely to be the formation scenario for the progenitor of iPTF13bvn.
As an alternative model, we considered the evolution of a binary with a BH component. Stable mass transfer from the primary star to a BH can strip off most of the hydrogen envelope up to the edge of the He core. We have demonstrated one example evolutionary track that satisfies all observational constraints. We roughly estimate that the mass of the primary should be in the range ∼ 14-17M and the BH should be heavier than 0.8 times the primary mass. The orbital period should be ∼4-20 days.
There is still no quantitative support on the origin of the BH. The system may have experienced a CE phase of a much larger star, but it remains a matter of speculation. We will leave the investigation to future works.
It is almost impossible to confirm our scenario by future observations because the expected outcome is a wide BH-NS binary. However, if there is no detection of a companion star in the coming few years, we believe it will be a strong support of our model.
